Specific heat of dipolar glasses does not obey Debye law. It is of interest to know if the non-Debye specific heat can be accounted for in terms of Schottky-type specific heat arising from rotational tunneling states of the dipoles. This paper deals with rotational tunneling spectra of NH + 4 ions and the non-Debye specific heat of mixed salts (e.g. (NH 4 ) x Rb 1−x Br) of ammonium and alkali halides which are known to exhibit dipolar glass phase. We have measured specific heat of above mixed salts at low temperatures (1.5 K < T < 15 K). It is seen that while the specific heat of pure salts obeys Debye law, the specific heat of mixed salts does not obey Debye law. We have studied the effect of the NH + 4 ion concentration, first neighbor environment of NH + 4 ion and the lattice strain field on the non-Debye specific heat by carrying out measurements on suitably chosen mixed salts. Independent of above, we have measured the rotational tunneling spectra, f (ω), of the NH 4 ions in above salts using technique of neutron incoherent inelastic scattering. The above studies show that both the non-Debye specific heat and the tunneling spectra of the NH + 4 ions depend on the NH + 4 ion concentration, first neighbor environment of NH + 4 ions and the lattice strain field. We have further shown that the temperature dependence of the measured specific heat can be explained for all the samples in terms of a model that takes account of contributions to the specific heat from the Debye phonons and the rotational tunneling states of the NH + 4 ions. To the best of our knowledge, this is a first study where it is shown that measured specific heat of (NH 4 ) x Rb 1−x Br can be quantitatively explained in terms of an experimentally measured rotational tunneling spectra f (ω) of the NH + 4 ions.
I. INTRODUCTION
Dipolar glasses are crystalline materials in which electric dipoles are frozen in random directions. [1] [2] [3] [4] [5] [6] [7] Specific heat of such dipolar glasses does not obey Debye law (C ∼ T 3 at low temperatures). It is known for quite some time that non-Debye specific heat of dipolar glasses is connected with the Schottky specific heat that arises from rotational tunneling states of the dipoles. 8, 9 However, so far it has not been possible to quantitatively explain the measured specific heat in terms of tunneling spectra f (ω) which is independently measured using a spectroscopic technique. This paper deals with measurement of rotational tunneling spectra f (ω) of NH + 4 ions in mixed salts (NH 4 ) x Rb 1−x Br of ammonium and rubidium bromides and correlating it with the specific heat of above salts at low temperatures (T < 15 K). The rotational tunneling spectrum f (ω) of NH + 4 ions has been measured using neutron incoherent inelastic scattering. Dipolar glasses consist of materials, some of whose lattice sites are occupied by molecules or molecular groups having finite electric dipole moment. These dipoles have orientation degrees of freedom and below some freezing temperature T f , they freeze in random directions. That is, unlike "window" glasses where the frozen-in disorder is translational, the frozen-in disorder is rotational in dipolar glasses.
1 K(CN) x Br 1−x is an example of a dipolar glass where CN − ions have electric dipole moments and they occupy some of the Br sites of KBr lattice.
1,2
(NH 4 ) x K 1−x I is an other example of a dipolar glass where NH + 4 ions have electric dipole moments and they occupy some of the K + sites of KI lattice. 5, 6 It may be mentioned that in general, NH + 4 ion does not possess electric dipole moment as it is tetrahedron in shape (spherical symmetric). However, NH + 4 ion gets distorted and develops electric dipole moment in mixed salts (NH 4 ) x A 1−x Y (A= Rb, K; Y = Br, I) of ammonium and alkali halides.
The motion of a dipole or a linear molecule such as CN − in a dipolar glass depends on the orientational potential V(θ) experienced by the dipole. 10, 11 Usually the dipole undergoes harmonic oscillatory motion about its mean orientation. However if the hindering potential is weak, the dipoles undergo reorientational motion (i.e. large angular jump) over and above the oscillatory motion. The reorientational motion, which involves reorientation of the dipole from one orientation to another, is a thermally activated process. The above stochastic reorientation process exhibits as a quantum mechanical rotational tunneling process at low temperatures. 10, 11 The rotational tunneling gives rise to the splitting of the rotational ground state of the dipole and the magnitude of splitting energy (referred to as rotational tunneling energy) depends on the strength of the hindering potential V(θ). This splitting of ground state has been seen for K(CN) x Br 1−x , where CN − ions reorient by 180
• via quantum mechanical tunneling at low temperatures.
8,9
Neutron incoherent inelastic scattering is an excellent technique for measuring rotational tunneling states in solids. The subject of tunneling states and their study using neutrons has been discussed at great length in the book by Press 10 and in the review article by Prager and Heidemann.
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The mixed salts (NH 4 ) x A 1−x Y (A= Rb, K; Y = Br, I) of ammonium and alkali halides have NaCl structure down to low temperatures. [12] [13] [14] [15] The NH + 4 ion in above salts resides in an octahedral environment of firstneighbor halide ions and the rotational hindering potential V(θ) experienced by the NH + 4 ions is quite weak. There are several publications dealing with the tunneling states of NH + 4 ions 6,7,15-21 of mixed salts of ammonium and alkali halides, including a review paper by David Smith. 22 The energies associated with rotational tunneling spectra of NH + 4 ions are typically in range of 0.0 to 0.7 meV depending on the composition of the mixed salt. 11, 22 There are several publications dealing with the specific heat of mixed salts of ammonium and alkali halides also. [16] [17] [18] 23 It is seen that the specific heat of above salts does not obey Debye law and the details of non-Debye specific heat depend on the composition of the mixed salt. There are, however, no systematic studies which bring out the role of first neighbor halide ion Y, the NH + 4 ion concentration x and the lattice strain (arising from the mismatch of sizes of cations) on the tunneling spectra and the non-Debye specific heat of above salts. More importantly, it is not clear if the non-Debye specific heat of above salts can be quantitatively accounted for in terms of the rotational tunneling spectra of the NH + 4 ions. Among the well known dipolar glasses, the mixed salts of ammonium and alkali halides provide an ideal system for such a study as the rotational tunneling spectra of NH + 4 ion can be easily measured using neutrons. This is connected with the fact that hydrogen has high cross-section for neutron incoherent scattering. 10, 24 It may be mentioned that Loidl et.al. 9 had measured rotational tunneling spectra of CN − ions in K(CN) x Br 1−x using neutrons but the quality of data was not good as neutron incoherent scattering from non-hydrogenous CN − ions is quite weak.
In view of above, we have carried out a fresh set of incoherent neutron inelastic scattering (INIS) and specific heat measurements on the mixed salts of ammonium and alkali halides. ions and compared the calculated specific heat with the measured one. Both neutron and specific heat measurements were made on the same sample so that there are no errors arising because of uncertainty in NH + 4 ions concentration etc. It is seen that temperature dependence of measured specific heat can be explained for all the samples in terms of a model that takes account of contributions to the specific heat from Debye phonons and the rotational tunneling states of the NH + 4 ions. The plan of the paper is as follows. The next section gives experimental details. Results of incoherent neutron inelastic scattering measurements are given in Section 3 and those of specific heat measurements are given in Section 4. Section 5 deals with the calculation of specific heat based on neutron data, and a comparison between the calculated and the measured specific heats. In the end, Section 6 gives a summary.
II. EXPERIMENTAL DETAILS

A. Sample Preparation and Characterization
The mixed salts (NH 4 ) x Rb 1−x Br and (NH 4 ) x K 1−x Br for x = 0.02, 0.05 and 0.10 (now onwards referred to as NRB02, NRB05, NRB10 and NKB02, NKB05, NKB10), (NH 4 ) 0.02 K 0.98 I and (NH 4 ) 0.02 (Rb 0.5 K 0.5 ) 0.98 Br (referred to as NKI02 and NKRB02) were prepared by re-crystallization from an aqueous solution containing appropriate amounts of pure salts. 12, 14 The starting chemicals NH 4 Br, NH 4 I, RbBr, RbI, KBr and KI with 99.99% purity were procured from Aldrich. The recrystallization of the mixed salts were carried out at a fixed temperature of 50
• C. The powder samples of the mixed salts were characterized using X-ray and neutron diffraction. X-ray studies confirmed that samples have crystallized in NaCl structure and are of single phase nature. Lattice constant of mixed salts (NH 4 ) x A 1−x Y were found to increase with x as expected from Vegard law. 25 A typical neutron diffraction peak of (200) for (NH 4 ) x Rb 1−x Br corresponding to x = 0.02 and x = 0.10 is shown in Fig.1 . It is seen that lattice constant of (NH 4 ) x Rb 1−x Br increases by about 0.2 % when x is increased from 0.02 to 0.10. The low temperature neutron diffraction experiments, including the present ones, showed that above mixed salts retain NaCl structure down to the lowest temperature. 
B. Incoherent Neutron Inelastic Scattering
We have carried out incoherent neutron inelastic scattering (INIS) experiments on above samples using MARS spectrometer at spallation neutron facility SINQ, Paul Scherrer Institut, Switzerland. The above spectrometer is an inverted geometry spectrometer where incident energy E i is analyzed using time-of-flight technique and the final energy is kept fixed at E f = 1.87 meV using mica analyzers in the back scattering position. 26 The spectrometer provides an energy resolution of ∼ 13 µeV at zero energy transfer ( ω = 0). The measurements were made both, on mixed salts (NRB02, NRB05, NRB10; NKB02, NKI02, and NKRB02) and dummy samples (RbBr, RbI, KBr and KI) for an energy transfer ω (= E i -E f ) range of -0.2 meV to +0.70 meV. 27 The sample temperature was kept at 1.8 K in all the measurements. The sample holder was a cylinder made of Aluminium and having inner diameter of 10 mm. The data were compared with a standard Vanadium sample, and it was seen that scattering was less than 10% for all the samples.
It may be mentioned that the time of flight experiment of the type described above measures scattering law S inc (Φ, ω) for the specimen. 28 We have measured S inc (Φ, ω) for our samples corresponding to five scattering angles (Φ = 30
• , 60
• , 90
• , 120
• and 150
• ) using MARS. The structural information about the samples was also obtained simultaneously using time of flight diffraction detectors of MARS.
C. Specific Heat Measurements
We have measured specific heat of above salts by the thermal relaxation method using the heat capacity option at PPMS (Quantum Design, USA). The sample used was about 10-20 mg and it was fixed on sample holder using N-Apiezon grease. The sample was first cooled to the lowest temperature of measurement and the specific heat data were recorded during warming cycle. The heat capacity of the sample is obtained by subtracting the previously measured addenda (empty sample holder + N grease). The specific heat measurements have been made on mixed salts NRB02, NRB05, NRB10, NKB02 and NKRB02 and the corresponding pure salts (NH 4 Br, KBr, RbBr and Rb 0.5 K 0.5 Br) for sample temperatures between 1.5K and 15K.
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III. RESULTS AND DISCUSSIONS: NEUTRON EXPERIMENTS A. Effect of Change in First Neighbor Halide Ion on the Tunneling Spectra
We have carried out the comparative neutron studies on (NH 4 ) 0.02 K 0.98 I and (NH 4 ) 0.02 K 0.98 Br for examining the effect of change in first neighbor halide ion on the tunneling spectra of the NH + 4 ions. The measured S inc (Φ, ω) for the two salts are shown in Fig.2 . The data have been corrected for contributions from the sample holder and for the background neutrons, which are scattered from the sample directly into the detector. The two distributions have been normalized for a fixed elastic intensity and thus they correspond to a fixed number of NH + 4 ions. It may be mentioned that the distributions shown in Fig.2 correspond to a mean scattering angle of Φ = 90
• as the data from all the detectors have been added. It is seen that there is a strong peak at about 0.606 meV for NKI02 and the corresponding peak for NKB02 is seen at ∼ 0.525 meV. The width of above peak is 27 µeV for NKI02 and 56 µeV for NKB02. In addition to this, there is a broad distribution around hω = 0 for NKB02 which is not seen for NKI02. The width of this broad component under elastic peak is (∼ 180µeV) is much more than the instrumental resolution (13 µeV).
In the following, we discuss the origin of sharp peaks and postpone the discussion on the broad feature to the next section (III B). Neutron incoherent scattering from above salts is mainly from protons of NH 10, 22 The value of 0.606 meV for tunneling energy of NH + 4 ions in NKI02 is in excellent agreement with the earlier studies. 6, 15, 17, 19, 22 Similarly, the present tunneling energy value of 0.525 meV for NKB02 is also reasonable as earlier studies showed that tunneling energy is 0.530 meV for x = 0.005 17 and 0.516 meV for x = 0.032. 19 In view of the differences in the peak positions, the peak widths, and the existence or non-existence of broad distribution underneath the elastic peak, we conclude that the rotational tunneling spectra of NH + 4 ions in NKB02 are quite different from those in NKI02. It is clear from above studies that a change in first neighbor halide ion modifies the hindering potential V(θ) and that in turn changes the tunneling spectrum of the NH + 4 ions in the mixed salts of ammonium alkali halides. In principle, the tunneling data can be used to get details of the hindering potential V(θ) experienced by NH + 4 ion. 22, 34, 35 We are, however, largely concerned with establishing a correlation between the tunneling spectra and non-Debye specific heat and will thus not get into the calculation of potentials etc. has a strong peak at about 0.46 meV and a small peak at about 0.34 meV for all the three samples. The above peaks correspond to the tunneling energies of NH + 4 ions in these salts. The present data are in agreement with earlier studies of Mukhopadhyay et al. 7 who found that scattered neutron spectrum from (NH 4 ) x Rb 1−x Br for x = 0.03 has peaks at about 0.47 meV and 0.35 meV. Figure 3 shows that, in addition to the well defined peaks, the scattered neutron spectrum has a broad continuous distribution centered around ω = 0. As compared to instrument resolution of ∼ 13 eV, the width of the broad distribution for the three samples are 60 µeV, 90 µeV and 130 µeV for x = 0.02, 0.05 and 0.10, respectively. Even though the positions of tunneling peaks (0.46 meV and 0.34 meV), are independent of x, the intensity of the broad distribution increases with increase in NH + 4 ion concentration. It may be mentioned that usually broad distribution around ω = 0 arises because of thermally activated stochastic dynamical processes (such as random molecular reorientations) and is referred to as quasi-elastic scattering in the literature. 10 However, the broad distribution seen in Fig.3 can not be connected with the stochastic processes as the sample temperature is very low (∼ 1.8K) and the random dynamical processes are expected to be very slow at these temperatures. It is thus believed that broad distribution in S inc (Φ, ω) is connected with a distribution of tunneling energies. We believe that the broad distribution seen for NKB02 (Fig.2 ) is also connected with the existence of a distribution of low energy tunneling states in this salt. Colmenero et al. 36 had also observed that a distribution in tunneling energies gives rise to a broad intensity distribution underneath the elastic peak in neutron experiments.
The existence of more than one tunneling peak and the distribution of tunneling energies near ω = 0 in Fig.3 suggests that all NH ion. We believe that differences, though small, in tunneling spectra of NH + 4 ions in (NH 4 ) 0.02 K 0.98 Br (Fig.2) and (NH 4 ) 0.02 Rb 0.98 Br (Fig.3) are connected with the differences in their lattice strains. This section deals with a study of the effect of the lattice strain on the tunneling spectrum of NH (Fig.3) are, however, partly because of increase in NH ions in the mixed salts. The lattice strain in NRKB02 is much larger than that in NRB02 or NKB02.
action and partly because of an increase in the strain field. To examine the role of pure lattice strain on the tunneling spectra of NH + 4 ion, we need a system where one can vary the lattice strain without altering the NH The measured S inc (Φ, ω) for NKB02, NRB02 and NRKB02 are shown in Fig.4 . It is seen that while the tunneling spectrum of the NH + 4 ions in NRB02 or NKB02 show sharp peaks at 0.46 meV and 0.53 meV respectively, the tunneling spectrum for NRKB02 consists of a broad distribution centered around ω = 0. As discussed in previous section, the above distribution corresponds to a distribution of tunneling energies in NRKB02. This suggests that NH + 4 ions experience varying potentials at different sites in NRKB02. The fact that tunneling energies for NH + 4 ions in NRKB02 are much smaller than those for NRB02 or NKB02, it is reasonable to conclude that rotation of NH + 4 ions in ternary salt is much more hindered as compared to that in binary salts NRB02 or NKB02.
It is noted that S inc (Φ, ω) for (NH 4 ) 0.02 (Rb 0.5 K 0.5 ) 0.98 Br (Fig.4) is very similar to the one for (NH 4 ) 0.44 K 0.56 I (Fig.2 in reference 6 ) as measured by Bostoen et al. 6 In both the cases, the tunneling spectra of NH 5 This suggests that it should be possible to alter the value of T f of a dipolar glass by altering the strain in the lattice. The fact that tunneling energies in (NH 4 ) 0.02 (Rb 0.5 K 0.5 ) 0.98 Br and (NH 4 ) 0.44 K 0.56 I are similar, suggests that the hindering potentials and the dipole freezing temperatures are similar (∼ 18 K) for the two salts even when they have widely different concentrations of NH + 4 ions. In short, these studies would indicate that we can induce dipolar glass transition in a dilute dipolar system by inducing lattice strain.
IV. RESULTS AND DISCUSSIONS: SPECIFIC HEAT STUDIES
A. Effect of NH + 4 Ion Concentration on Non-Debye Specific Heat of (NH4)xRb1−xBr Figure 5 shows specific heat data for (NH 4 ) x Rb 1−x Br for x = 0.0, 0.02, 0.05, 0.10 and 1.0. We have plotted specific heat data as C/T 3 versus T graphs so that deviations from the Debye law (C ∼ T 3 ) 37,38 are easily seen. The solid lines in the figure correspond to calculated specific heats (see section V for details). At low temperatures, C/T 3 is nearly constant for pure salts RbBr (x = 0.0) and NH 4 Br (x = 1.0) showing that specific heat of these salts obeys Debye law. It is seen that the specific heat of mixed salts NRB02, NRB05, NRB10 (corresponding to x =0.02, 0.05, 0.10) does not obey Debye law at low temperatures. It may be mentioned that the extra specific heat, referred to as non-Debye specific heat, is not connected with the electronic or magnetic contributions as the mixed salts under discussion are ionic salts and insulators.
37,38
The specific heat of a crystalline insulating solids such as KBr or NH 4 Br, is decided by the frequency distribution function g(ω) of the normal modes of vibration of the lattice (referred to as phonon density of state) and at low temperatures, it is largely decided by the low energy region of g(ω). 37, 38 As per Debye's theory of specific heat, g(ω) for a crystalline material is given by g D (ω) ∼ ω 2 at low ω and this leads to the well-known Debye law for specific heat (C v ∼ T 3 ) at low temperatures. However, specific heat of mixed salts depends not only on the Debye phonons but also on the rotational tunneling states of NH + 4 ions. The tunneling states gives rise to a finite contribution to the specific heat and this is referred to as Schottky specific heat in literature. 37, 38 The fact that tunneling energies are small (∼ 500 µeV or ∼ 5 K in temperature units), it is expected that the tunneling states would contribute to the specific heat at low temperatures. Usually, specific heat from isolated tunneling states gives rise to a sharp peak (referred to as Schottky peak) in C vs. T graph and the position of the peak depends on the tunneling energy ∆E. 37 In the present system, there is a distribution of tunneling energies instead of a single tunneling energy and this gives rise to a broadening of Schottky peak. Fig.5 suggests that present data cover a temperature region which corresponds to the tail region of Schottky peak.
It is not clear from Fig.5 if the temperature dependence of non-Debye specific heat is same for all the three NH + 4 ions concentrations. To get a better insight into the role of dipole concentration on the non-Debye specific heat, the non-Debye component was extracted from the measured specific heat of (NH 4 ) x Rb 1−x Br by subtracting the matrix (RbBr) contribution. The non-Debye specific heat curves thus obtained for x = 0.02, 0.05 and 0.10 were normalized to a fixed NH + 4 concentration of x = 0.02. The normalized non-Debye specific heat curves corresponding to NRB02, NRB05 and NRB10 are shown as an inset in Fig.5 . That is, we find that the temperature dependence of non-Debye specific heat of (NH 4 ) x Rb 1−x Br changes with x. It was seen in the pre- vious section that the rotational tunneling spectra of the NH4 ions in (NH 4 ) x Rb 1−x Br also changes with a change in x. Thus we conclude that there is a definite correlation between the tunneling spectrum of NH + 4 ions and the non-Debye specific heat of above salts.
B. Effect of Lattice Strain on Non-Debye Specific Heat of (NH4)xRb1−xBr
The effect of lattice strain on the specific heat of (NH 4 ) x Rb 1−x Br was examined by carrying out comparative studies on NRKB02, NRB02 and NKB02. The results are shown in Fig.6 . The solid lines in the figure correspond to calculated specific heats (see section V for details).
The non-Debye specific heat for NRKB02, NRB02 and NKB02 was obtained by subtracting the matrix [(R 0.5 K 0.5 Br), RbBr and KBr] contribution from the total measured specific heat and is shown in Fig.7 . It is noticed that C/T 3 vs. T curve for NRKB02 is quite different from that of NRB02 or NKB02. In particular, it is seen that the contribution to non-Debye specific heat for NRKB02 starts at lower temperature and increases with decrease in temperature much more rapidly as compared to that for NRB02 or NKB02. That is, present studies clearly show that non-Debye specific heat depends on the strain in the lattice. Watson 4 had also observed that specific heat depends on the lattice strain in KBr/ KCN/ KCl systems. The above results and the fact that tunneling spectra of NH + 4 ions in NKRB02 is widely different from that in NKB02 or NKI02 (see section III C), again suggests that there is a definite correlation between the tunneling spectra and the non-Debye specific heat of above salts.
V. CALCULATION OF SPECIFIC HEAT FROM TUNNELING SPECTRA
The specific heat of a material, in general, has several different contributions such as phonon, magnetic, electronic and Schottky-type specific heats. 37, 38 The ammonium and alkali halides and their mixed salts under discussion are ionic salts and their specific heats do not have contributions from electronic or magnetic specific heats. That is, specific heat of pure salts (e.g. RbBr, KBr, NH 4 Br etc) has contribution from phonons, and the specific heat of mixed salts (e.g. (NH 4 ) x Rb 1−x Br, (NH 4 ) 0.02 (Rb y K 1−y ) 0.98 Br etc.) has contributions both from phonons and rotational tunneling states of NH + 4 ions. It may be mentioned that specific heat of glasses, 39, 40 including dipolar glasses, 4 shows a linear variation with temperature at very low temperatures (T < 1 K) which is explained in terms of two level systems (TLS). 40, 41 The present paper, however, does not deal with TLS or the linear specific heat arising because of TLS. The present specific heat measurements correspond to somewhat higher temperatures (T > 1.5) where non-Debye specific heat is essentially the Schottky specific heat corresponding to the rotational tunneling states of the NH + 4 ions. The phonon specific heat C ph of a crystalline material is given by 37, 38 
Here g(ω) is referred to as phonon density of state and g(ω)dω gives the number of phonons having frequencies between ω and ω +dω. In case of molecular solids such as ammonium salts, the phonon density of states has contributions from translational (acoustic and optical) modes, rotational modes and internal vibration modes. Depending on their energies, different vibration modes contribute to specific heat in different regions of temperatures 42 . David Smith 43 has examined the specific heat for a number of ammonium salts and shown that rotational motion of ammonium ions contribute to the specific heat at T ∼ 200K. The specific heat at low temperatures (T < 15 K), the temperature region which is of interest in the present paper, is largely decided by the low energy translational acoustic phonons. Debye argued that the phonon density of state g(ω) for a crystalline material is given by g D (ω) ∼ ω 2 at low ω. The expression for phonon specific heat C P h , relevant to present case, can be written as:
37,38
where cut-off frequency The fact that energies ( ∼ 500 µeV, equivalent to 5 K in temperature units) associated with rotational tunneling states of NH + 4 ions are small, specific heat of mixed salts at low temperatures depends not only on the Debye phonons but also on the rotational tunneling states of NH + 4 ions. That is, the specific heat of mixed salts has contributions both from Debye phonons (C P h ) and the Schottky specific heat C Sch . It may be mentioned that C Sch , which is connected with the rotational tunneling motion of NH + 4 ions, is different from the rotational specific heat that arises from hindered/free rotation of NH + 4 ions. 43 While the rotational tunneling states of NH + 4 ions contribute to specific heat at low temperatures ( ∼ 10 K), the hindered or free rotation of NH + 4 ions contribute to specific heat at high temperatures (∼ 200 K). 43 Before we write an expression for C Sch for the present system, it may be mentioned that expression for Schottky specific heat C Sch−2L corresponding to an isolated two level system is given by 37, 38 
Here ω is the tunneling energy, g 0 is the degeneracy of ground state and g 1 is the degeneracy of the excited state. The above simple two level scheme is, however, not valid for describing the tunneling of NH 35 In view of above, Eq.3 has been generalized to take account of distribution f (ω) of tunneling energies. That is, expression for Schottky specific heat is written in terms of f (ω) and then integrated over ω. The modified expression for calculating Schottky specific heat C Sch relevant to the present system is:
where x is ammonium concentration and p is an effective degeneracy parameter. f (ω) in Eq.4 is the tunneling density of state, which can be obtained from neutron data (reported in Section III). It can be shown that f (ω) is given by 24, 42 
S inc (Φ, ω) in the above expression is the scattering function which was measured in neutron experiment and Q = E i + E f + 2 E i E f cos(Φ/2) is wave vector transfer during scattering. The + and -signs in Eq.(5) correspond to the energy loss and energy gain by the neutrons, respectively. In view of the low temperatures involved, Debye-Waller factor has been assumed to be unity. It may be mentioned that Eq.5 makes use of incoherent approximation for obtaining f(ω) from S inc (Φ, ω). 24 This assumption is quite reasonable because, (i) the measured neutron distributions have been averaged over a range of scattering angles and (ii) the scattering is predominantly from hydrogen of NH + 4 ions and is incoherent. The total specific heat for mixed salts where there are contributions from Schottky and Debye specific heats is given by
In principle, the Debye spectrum and the Debye specific heat C P h of a mixed salt could change with composition of the salt. We have neglected this effect as the concentration of NH + 4 ions is small. In any case, the above could increase Debye -type contribution to specific heat but will not give rise to non-Debye specific heat (say for NRKB02). The solid lines in Figs 5 and 6 corresponding to mixed salts NRB02, NRB05, NRB10, NKB02 and NRKB02 were calculated using equations (4), (5) and (6) . In these calculations, we have taken the Debye temperature (Θ D = hω D /k B ) and the degeneracy parameter p as the fitting parameters. The values of fitted parameters are given in Table- In the present paper, we have reported specific heat, rotational tunneling spectra of NH 4 ions and a correlation between the two for (NH 4 ) x Rb 1−x Br. The general conclusions are, however, expected to be applicable to all dipolar glasses where one is dealing with rotational motion of dipoles. For example, it can be concluded that there is a definite correlation between the rotational tunneling spectra of dipoles and the non-Debye specific heat of dipolar glasses. In general, it should be possible to explain the measured specific heat of a dipolar glass quantitatively in terms of tunneling spectra f (ω) of dipoles, which is measured independently by a spectroscopic technique. We have reported the specific heat data, the rotational tunneling spectra of NH + 4 ions and a correlation between the tunneling states and the specific heat for suitably chosen mixed salts (NRB02, NRB05, NRB10, NKB02, NKI02, and NRKB02) of ammonium and alkali halides, having general formula (NH 4 ) x A 1−x Y (A= Rb, K; Y = Br, I). It is seen that measured specific heat of above mixed salts does not obey Debye law and the non-Debye contribution depends on the composition of the salt. We have also measured the rotational tunneling spectra of NH + 4 ions in above salts in energy (hω) range of -0.2 meV to +0.70 meV using neutron incoherent inelastic scattering techniques. We have examined the effect of (i) the change in NH + 4 ion concentration, (ii) the change in first neighbor halide ion of the NH + 4 ion and (iii) the change in lattice strain on the on the tunneling spectra f (ω) and non-Debye specific heat of (NH 4 ) x Rb 1−x Br by carrying out measurements on suitably chosen mixed salts.
The role of NH + 4 concentration has been examined by comparing the results on (NH 4 ) x Rb 1−x Br for x = 0.02 (NRB02), 0.05 (NRB05) and 0.10 (NRB10). The tunneling spectrum consists of a strong peak at about 0.46 meV, a small peak at about 0.34 meV and a broad continuous distribution centered around ω = 0. The energies of tunneling peaks do not show much change with increase in NH + 4 ion concentration. The intensity of the broad distribution, however, increases with x. The measured non-Debye specific heat also changes with x, and agrees with the calculated specific heat from the tunneling spectra.
The effect of first neighbor halide ion was examined by comparing the results on (NH 4 ) 0.02 K 0.98 I (NKI02) and (NH 4 ) 0.02 K 0.98 Br (NKB02). The general features of tunneling spectrum for the two compounds are nearly same. However, the energy associated with main tunneling peak decreases from 0.606 meV for NKI02 to 0.525 meV for NKB02 and the distribution underneath the elastic peak broadens significantly in NKB02. This shows that the change in halide ion has a significant effect on the tunneling spectra.
The effect of lattice strain has been examined by comparing the results of (NH 4 ) 0.02 (Rb 0.5 K 0.5 ) 0.98 Br (NRKB02), (NH 4 ) 0.02 Rb 0.98 Br (NRB02) and (NH 4 ) 0.02 K 0.98 Br (NKB02), where the lattice of NRKB02 is much more strained as compared to the other two salts. The sharp tunneling peak seen in NRB02 and NKB02 is absent in NRKB02. However, the distribution under the elastic peak in NRKB02 has not only broadened but also increased in intensity substantially. The present experiments suggest that NH + 4 ions at different sites in NRKB02 experience varying potentials and this leads to a distribution of tunneling energies in ternary salt. It is concluded that orientational motion of NH + 4 ions in ternary salt NRKB02 is much more hindered as compared to that in binary salts NRB02 or NKB02.
It is shown that neutron data can be fruitfully used for explaining the non-Debye specific heat of above salts. The specific heat of mixed salts has been analyzed in terms of a model that takes account of contributions from Debye phonons (characterized by Debye temperature, Θ D ) and rotational tunneling spectra of NH + 4 ions. The Schottky specific heat arising from tunneling states was calculated using the rotational tunneling spectra f (ω) obtained from neutron data. To the best of our knowledge, the present work is a first study where it is shown that measured specific heat of a dipolar glass can be quantitatively explained in terms of an experimentally measured rotational tunneling spectrum f (ω) of electric dipoles.
